Gas turbines are extensively used for aircraft propulsion, land-based power generation, and industrial applications. Thermal efficiency and power output of gas turbines increase with increasing turbine rotor inlet temperature (RIT). The current RIT level in advanced gas turbines is far above the .melting point of the blade material. Therefore, along with high temperature material development, a sophisticated cooling scheme must be developed for continuous safe operation of gas turbines with high performance. Gas turbine blades are cooled internally and externally. This paper focuses on external blade cooling or so-called film cooling. In film cooling, relatively cool air is injected from the inside of the blade to the outside surface which forms a protective layer between the blade surface and hot gas streams. Performance of film cooling primarily depends on the coolant to mainstream pressure ratio, temperature ratio, and film hole location and geometry under representative engine flow conditions. In the past number of years there has been considerable progress in turbine film cooling research and this paper is limited to review a few selected publications to reflect recent development in turbine blade film cooling.
INTRODUCTION
Advanced gas turbine engines operate at high temperatures (1200-1400C) to improve thermal efficiency and power output. As the turbine inlet temperature increases, the heat transferred to the blades in the turbine also increases. The level and variation in the temperature within the blade material (which causes thermal stresses) must be limited to achieve reasonable durability goals. Also the temperatures are far above the permissible metal temperatures due to which there is a need to cool the blades to operate without failure. The blades are Gas turbine blades are cooled internally and externally. Internal cooling is achieved by passing the coolant through several enhanced serpentine passages inside the blades and extracting the heat from the outside of the blades. Jet impingement cooling and pin fin cooling are also utilized as a method of internal cooling. External cooling is also called film cooling. Internal coolant air is ejected out through discrete holes or slots to provide a coolant film to protect the outside surface of the blade from hot combustion gases.
Fundamentals of Film Cooling
Film cooling primarily depends on the coolant-tohot mainstream pressure ratio (Pc/Pt), temperature ratio (Tc/Tg), and the film cooling hole location, configuration and distribution on a film cooled airfoil. The coolant-to-mainstream pressure ratio can be related to the coolant-to-mainstream mass flux ratio (blowing ratio) while the coolant-tomainstream temperature ratio can be related to the coolant-to-mainstream density ratio. In a typical gas turbine airfoil, the Pc/Pt ratios vary from 1.02 to 1.10, corresponding blowing ratios approximately from 0.5 to 2.0, while the Tc/Tg values vary from 0.5 to 0.85, corresponding density ratios approximately from 2.0 to 1.5. Both pressure ratio (Pc/Pt), and temperature ratio (Tc/Tg), are probably the most useful measure in quantifying film cooling effectiveness since these ratios essentially gives the ratio of the coolant to hot mainstream thermal capacitance. In general, higher the pressure ratio, better the film cooling protection (i.e., reduced heat transfer to the airfoil) at a given temperature ratio, while lower the temperature ratio, better the film cooling protection at a given pressure ratio. However, too high of pressure ratio (i.e., blowing too much) may reduce the film cooling protection, because of jet penetration into the mainstream (jet lift-off from the surface). Therefore, it is important to optimize the amount of coolant for airfoil film cooling under engine operating conditions (Reynolds number 106, Mach number0.9 at exit conditions). For designing a better film cooling pattern of an airfoil, turbine cooling system designers also need to know where heat is transferred from hot mainstream to the airfoil. As mentioned earlier, these film-hole pattern (i.e., film hole location, distribution, angle and shape) would as the best film cooling effectiveness. Therefore, the heat flux ratio can be written as: q"/q6'-(h/ho)[(Tf-Tw)/(Tg-Tw)]-(h/ho) x [1 r/(Tg Tc)/(Tg Tw)]. To obtain any benefit from film cooling, the heat load ratio, q"/q', should be below 1.0. The heat transfer coefficient ratio (h/ho) is enhanced due to turbulent mixing of the jets with the mainstream and is normally greater than 1.0. The temperature ratio (Tf-Tw)/ (Tg-Tw), which is related to the film effectiveness should be much lower than 1.0 such that the heat load ratio is lower than 1.0. The best film cooling design is to reduce the heat load ratio (i.e., smaller h/ho enhancement with greater r/) for a minimum amount of coolant available for a film cooled airfoil.
FILM COOLING ON NOZZLE GUIDE VANES
It is well known that nozzle guide vanes being just downstream of the combustor exit, experience the hottest gas path temperatures. The vanes also experience high free-stream turbulence caused by combustor mixing flows. Depending on the requirements, vanes are cooled internally and some coolant is ejected out as film cooling. It is important to understand the effects of high free-stream turbulence on vane surface heat transfer. Since vanes operate at the highest temperatures in the turbine section, it is imperative that there is a need for adequate and efficient cooling system to ensure that vanes survive for their estimated life. A typical film cooled vane is shown in Fig. 2 . The vane has an internal impingement tube through which the coolant enters the core of the vane and then impinges on the inside surface of the outer wall. The coolant is ejected out of discrete film hole rows at various axial locations on the airfoil. (Nirmalan and Hylton, 1990 ). effects of varying blowing strength (coolant-to-gas pressure ratio, Pc/Pt) at two thermal dilution levels (coolant-to-gas temperature ratio, To/Tg). For the case of lower T/Tg=MIN (,-0.67 Ames (1997) studied a similar C3X vane with film cooling in a four-vane ambient cascade. The influence of high free-stream turbulence on vane heat transfer coefficient and film effectiveness distributions was reported. A high level, large-scale inlet turbulence was generated with a mock combustor (Tu 12%) and was used to contrast results with a low level (Tu 1%) of inlet turbulence. For the heat transfer tests, the coolant temperature was kept the same as the mainstream ambient temperature. For the film effectiveness tests, the coolant temperature was heated slightly higher than the mainstream air temperature which produced a coolant to mainstream density ratio (DR)=0.95. Figure 4 shows the effect of free-stream turbulence on adiabatic film effectiveness ratio distributions for the case of film cooling on the blade pressure surface, and on the showerhead region respectively, under different velocity ratio. The adiabatic film effectiveness ratio is the adiabatic film effectiveness with high inlet turbulence (Tu 12%) divided by that with low inlet turbulence (Tu 1%). Lower value of the ratio implies lower film cooling effectiveness due to free-stream turbulence effect. Turbulence was found to have a dramatic influence on pressure surface film cooling effectiveness, particularly at the lower velocity ratios. Turbulence was found to substantially reduce film cooling effectiveness levels produced by showerhead film cooling.
They also studied the effect of coolant to main- blade, the coolant-to-gas temperature ratio (Tc/Tg) is about 0.51 while the coolant blowing ratio is about 1.24 and 1.52 on the first row of suction surface and pressure surface, respectively. Over the pressure surface, film injection has a little effect on heat transfer levels. Comparing the midspan levels for uncooled and cooled rotors, film injection has a strong effect over the entire suction surface. Film injection produces a strong reduction in heat transfer levels on the suction surface (up to 60%) and a small effect on the pressure surface. Film injection, thus can produce a significant reduction in heat load to the blade from the hot mainstream gases. The significant reductions indicate the strong advantages of a film cooling scheme. At the crown of the suction surface ( Fig. 6(a) ), the film cooling is prominent at midspan but minimal at the hub. Elsewhere on the suction surface, the film cooling is similar at midspan and hub. It is seen that film cooling is to reduce the heat transfer and also to introduce a phase shift in the unsteady waveform. This unsteady heat transfer might be due to the potential interactions between blade rows and impingement of the NGV wakes and shock waves on the rotor blade.
Another In that case, lower heat transfer levels are expected. However, the film cooling effect is still significant at X/d 100 for M 0.96. Also the effect of temperature ratio is also stronger at higher blowing ratio. The results indicate that at low blowing ratios, the effect of temperature ratio is smaller compared to that for M--0.96 (not shown here). (Ou et a1.,1994) [ (M= 1.2) whereas lower density coolant (Air) provides higher effectiveness at lower blowing ratios (M 0.8). Figure 11 shows the effect of a moderate unsteady wake (S=0. 
FILM COOLING ON AIRFOIL ENWALLS
Endwall film cooling has gained significant importance due to the usage of low aspect ratio and low solidity turbine designs. Film cooling and associated heat transfer is strongly influenced by the secondary flow effects. Figure 12 shows the conceptual view of the 3-D flow field inside the endwall region (Goldstein and Spores, 1988 ratio as the coolant emerges into the mainstream.
The NGV were tested at the correct engine nondimensional conditions of Reynolds number (=2.55 x 106 based on exit. conditions), Mach number (= 0.93 based on exit conditions), gas-towall temperature ratio (= 1.3), and coolant-to-gas density ratio (= 1.80). Figure 13 shows the ratio of cooled-to-uncooled Nusselt number for a typical NGV operating conditions (G-blowing ratio= 1.11, 0--(Tg Tc)/(Tg Tw) gas-to-coolant temperature difference ratio--1.44 They used thin foil heaters with thermocouples for measuring heat transfer and film cooling effectiveness on the endwall of an airfoil in a low speed, fully annular, low aspect ratio vane cascade. They concluded that the secondary flow could significantly modify the cooling effectiveness distributions on the endwall. The coolant was convected towards the suction side of the endwall leaving the pressure side trailing edge region relatively unprotected.
Linear Cascade Blade Endwall Film Cooling
Friedrichs et al. (1996) reported the distribution of adiabatic film cooling effectiveness on the endwall of a large-scale low-speed linear turbine blade cascade using the ammonia and diazo coating surface technique. Prior to the experiment, diazo coated paper or diazo film is fixed to the test surface. The cooling air is seeded with ammonia gas and water vapor. During the film injection experiment, the ammonia gas reacts with the diazo coating, leaving traces of varying darkness over the test surface. The darkness of the traces of the diazo surface coating is dependent on the surface concentration of the ammonia and water vapor in the coolant gas. They developed a calibration curve between the darkness and relative concentrationusing an optical scanner, therefore, the adiabatic film cooling effectiveness could be quantified using the principle of heat and mass transfer analogy. Figure 14 shows the endwall film cooling effectiveness distributionS, which were processed from those traces on the surface coating of the turbine endwall. The results reveal the strong interactions between endwall coolant injection and secondary flows in the blade passage. The three-dimensional flow field in the endwall region (Goldstein and Spores, 1988) .
as most of the coolant leaves the surface. Coolant injection away from the lift-off lines can provide a larger cooling area. In general, the coolant jet traces do not follow the injection angle, except near the film cooling holes. The area averaged cooling effectiveness was about 12.3%. The cooling holes distributions could be re-arranged in order to provide a better film cooling coverage (Friedrichs et al., 1998) .
Another linear cascade blade endwall film cooling study could be referred to (Jabbari et al., 1994) . They used ammonia-diazo-paper for visualizing of the coolant jet traces and heat-mass transfer analogy for determining the film effectiveness distributions on the endwall of a turbine blade in a low-speed, large-scale linear blade cascade.
Their tests included three blowing ratios, two density ratios, and two Reynolds numbers. engines. A summary of cooled tip heat transfer investigations of Dr. Metzger was published a few years ago (Kim et al., 1995) . This study presents a comparison of various tip cooling configurations and their effects on film effectiveness and heat transfer coefficient using a transient liquid crystal technique. Figure 16 shows the character of the clearance gap flow and blade tip geometry and film injection configurations studied by Metzger et al. A forced flow through a thin clearance gap (H) was used to simulate the blade tip leakage flow. A film cooling FIGURE 14 Adiabatic film cooling effectiveness on the endwall surface for the datum cooling configuration, at an inlet blowing ratio of Minlet 1.0 (Friedrichs et al., 1996) (Kim et al., 1995) . Figure 17 present the effect of coolant-to-mainstream mass flow rate ratio (R) on cross-stream averaged film cooling effectiveness for this four film cooling configurations. For the discrete slot injection, film effectiveness decreases from the injection location but increases with increasing coolant-to-mainstream mass flow rate ratio. For the round hole injection, film effectiveness initially increases with mass flow rate then reaches a constant level at higher mass flow rate ratio. However, for the pressure side flared hole injection, film effectiveness is insensitive to the two mass flow rate ratios shown here. Film effectiveness data for the round hole injection are about the same as the flared injection, but are lower than the slot injection. For the case of grooved tip cavity injection, the trend shows that suction side injection inside the grooved tip cavity produces higher film effectiveness than the pressure side (Kim et al., 1995 Karni and Goldstein (1990) , Mehendale and Han (1992) studied the effects of free-stream turbulence, injection hole geometry, blowing ratio, coolant density on heat transfer and film cooling effectiveness for a blunt body with a circular leading edge and a flat after-body. Funazaki et al. (1995) Figure 18 shows the effect of free-stream turbulence on detailed film effectiveness distributions using CO2 as coolant. Free-stream turbulence significantly reduces film effectiveness for blowing ratio M=0.4 from Tu 1% to 7.1%. This is because higher free-stream turbulence breaks down coolant jet structure at low blowing ratio. At higher blowing ratio M 1.2, the effect of free-stream turbulence is not so significant with more uniform effectiveness over the entire surface at higher freestream turbulence. (1985) , and Ammari et al. (1990) studied the effects of blowing ratio, density ratio, and film hole geometries on heat transfer coefficients over a flat surface. Pedersen et al. (1977) , Foster and Lampard (1980) , and Sinha et al. (1991) studied the effects of density ratio on film effectiveness over a flat surface. Ligrani et al. (1992) , , and Ekkad et al. (1997a,b) presented the increased heat transfer coefficient and film effectiveness for compound angle film cooling. Bons et al. (1994) , reported the effects of high freestream turbulence on reducing flat plate film cooling performance. and Gritsch et al. (1997 and Gritsch et al. ( , 1998 presented the improved film cooling effectiveness with the shaped film cooling holes. Figure 19 shows the effect of compound angle injection on detailed film effectiveness distribution using a transient liquid crystal method (Ekkad et al., 1997a for compound angle injection could be attributed to the higher and more uniform effectiveness on the surface. Figure 20 shows the cylindrical fanshaped and laidback fanshaped hole used by Gritsch et al. (1997) , and the effect of hole shape on local film effectiveness using an IR camera method. For the cylindrical hole, the jet was detached from the surface at the higher blowing ratio resulting in a poor effectiveness. For the fanshaped hole jet spreading is much better that results a better effectiveness.
For the laidback fanshaped hole, jet spreading is the best that result the highest overall effectiveness, particularly at high blowing ratios. (Ekkad et al., 1997a ). (Gritsch et al., 1998 
CONCLUSIONS

